Genetically encoded libraries of peptides and oligonucleotides are well suited for the identification of ligands for many macromolecules. A major drawback of these techniques is that the resultant ligands are subject to degradation by naturally occurring enzymes. Here, a method is described that uses a biologically encoded library for the identification of D-peptide ligands, which should be resistant to proteolytic degradation. In this approach, a protein is synthesized in the D-amino acid configuration and used to select peptides from a phage display library expressing random L-amino acid peptides. For reasons of symmetry, the mirror images of these phage-displayed peptides interact with the target protein of the natural handedness. The value of this approach was demonstrated by the identification of a cyclic D-peptide that interacts with the Src homology 3 domain of c-Src. Nuclear magnetic resonance studies indicate that the binding site for this D-peptide partially overlaps the site for the physiological ligands of this domain.
For the purposes of drug discovery, there are potential advantages in the use of genetically encoded libraries, such as phage display (1, 2) , "peptide on plasmid" (3) , and in vitro translation-based systems (4), compared to the use of synthetic small molecule libraries (5, 6) . The genetic encoding of libraries allows the resynthesis and rescreening of molecules with a desired binding activity. The resulting amplification of interacting molecules in subsequent rounds of selection can lead to the isolation of extremely rare, specific binders from a large pool of molecules. However, a major drawback of biologically encoded libraries is that the resultant ligands are subject to degradation by naturally occurring enzymes. Furthermore, because of their sensitivity to cellular proteases, peptides composed of naturally occurring L-amino acids are efficiently processed for major histocompatibility complex class II-restricted presentation to T helper cells (TH cells). As a result, L-peptides can induce a vigorous humoral immune response that impairs the activity of such drugs (7) . We describe here a general approach that uses a genetically encoded library for the identification of D-peptide ligands. This approach takes advantage of the fact that the three-dimensional structures of proteins composed of D-amino acids are the exact mirror images of the corre-sponding L-proteins. The D-peptide ligands identified through this method may provide useful starting points for the design or selection of novel drugs.
Around 1850, Louis Pasteur demonstrated through his experiments with tartrate that the forces that create or convert natural products (that is, enzymes) are stereospecific in their actions (8) . From the principles of van't Hoff-Le Bel stereochemistry (9) , it follows that this chiral specificity is inverted for "mirror-image proteins" (proteins composed of D-amino acids). The recent syntheses of two D-enantiomeric proteins permitted direct demonstration that these proteins do indeed have optical properties, substrate specificity (1O), and a structure (1 ) that mirrors those of the naturally occurring L-proteins.
In our method (which we call mirrorimage phage display), the D-enantiomer of a protein is prepared by chemical synthesis (12) . Be- Table 1 . Sequences of phage-displayed peptides that interact with the D-SH3 domain (25). These peptides were isolated through "biopanning" (22, 24). Semiconserved residues are underlined; all other residues are conserved except for those at positions 3 and 11. Note that for all of these sequences the positions of the conserved residues relative to the Cys residues are preserved. Individual clones were analyzed after four and five rounds of selection. In subsequent rounds, the incubation time between washes was increased (times of 0, 3, 5, 10, and 10 min, respectively, for rounds 1 through 5). After four rounds of selection, 29 clones were sequenced, of which only 7 are within the sequence class described in the which random, 10-residue peptide sequences were expressed at the NH2-terminus of the pIll protein of the bacteriophage fd (1) . Because many natural bioactive peptides, such as the immunosuppressant cyclosporin and the tumor promotor microcystin, are cyclic, the library was designed to include a large number of sequences that have a propensity for disulfide bond formation (21, 22). When the L-SH3 domain was used to screen this phage display library for interacting peptide sequences, we isolated the disulfide-free polyproline-type sequences that have been identified by others (14, 15, 23) . When the same phage display library was screened with the D-SH3 domain (24), we isolated a series of peptide sequences that showed no obvious sequence similarity to the L-SH3-binding sequences (Table 1 ). These phage-displayed peptides that bind to the D-SH3 domain are characterized by a combination of conserved Leu and Gly residues and a conserved Arg or Lys residue. In contrast to the L-peptide ligands for the L-SH3 domain (14, 15, 23) , the positively charged residues in the ligands for the D-SH3 domain are located in the middle of a stretch of conserved residues, which suggests that the mode of ligand binding is different. Furthermore, all ligands for the D-SH3 domain contain a pair of Cys residues, a 10.0 8.0 property that is not observed for the Lpeptides that interact with the L-SH3 domain (14, 15, 23 (16, 30) . Pocket A, which is formed by the side chains of Asp" and Trp1 l, accommodates the conserved Arg residlue, whereas pockets B and C form la hydrophobic sUrface that accommodates the aliphatic and Pro residues in SH3 ligands (16, 30) . The binding of Pep-HI results in the perturbation of the chemicacl shifts of the residues that form pocket A, as well as a patch of adjacent residuLes (Fig. 2C) . Most of these residuLes a1lso Undergo changes in their chemical shifts upon-binding of the L-peptidle (Fig. 2B) . Pocket A is likely to interact with the conserved Arg or Lys residLues in the D-peptides in a manner that is analogous to the recognition of Arg residLues in L-aimino acid ligands. The interaction of this site with both the L-and U-amino acid ligands explains the competition observed for the binding of these two ligands.
Pep-DI appears to occupy only part of the binding site that is contacted by the polyproline-type ligands for the SH.3 domain (Fig. 3) . ResiduCs that form part of pocket B and pocket C (Tyr90 and Tyr92), or that are adjaceint to this pocket (Val187 and LeuL59), are not perturbed upon binding of Pep-HI (Figs. 2 and 3) . Mutational analysis suggests that for L-amino acid ligands, interactions at these sites are requlired for high-affinity binding (16 for individual peaks, the ratio of peak intensities in the absence and presence of peptide was determined and converted to a log scale. The resulting distribution around the median is markedly skewed toward the left. A window that included >90% of the residues with ratios that were higher than the median was applied to residues with chemical shifts below the median. Only residues with a ratio lower than the median and that were not contained within this window were considered to have undergone significant perturbation (according to these criteria, only residues with a ratio that was reduced to less than 0.65 of that of the median were considered to have undergone significant perturbation). 
